Introduction
============

Hepatocellular carcinoma (HCC) accounts for 80%-90% of primary liver cancers and is among the leading causes of cancer deaths worldwide [@B1]. The major risk factors for HCC include hepatitis B and hepatitis C virus infection, alcohol consumption, diabetes, and aflatoxins [@B2], [@B3]. HCC is usually diagnosed at an advanced stage, with patients typically presenting with upper-abdominal pain and weight loss. Treatment of HCC, which is stage-guided and varies according to the cause of the disease, includes surgery, liver transplantation, and targeted therapy [@B4]. Although diagnostic and treatment methods have improved, the 5-year survival rate has remained below 12%. Thus, a new therapeutic strategy is essential for improving the prognosis and treatment of HCC.

Thyroid hormone (3,3*\'*-5-triiodo-L-thyronine; T~3~) is a potent mediator of a variety of physiological processes, including embryonic development, cellular differentiation, metabolism, and regulation of cell proliferation [@B5]. T~3~ binds to specific high-affinity thyroid hormone receptors (TRs), which are ligand-dependent transcription factors belonging to the nuclear receptor superfamily [@B6]. TRs regulate gene expression by binding to thyroid hormone response elements (TREs) in the promoter region of target genes. Human TRs are encoded by the TRα (*THRA*) and TRβ (*THRB*) genes, located on human chromosomes 17 and 3, respectively, and yield several additional isoforms through alternative splicing and differential promoter usage. These receptors are comprised of functional domains, including a ligand-binding domain, DNA-binding domain, and dimerization and transactivation domains [@B7]. Considerable evidence has accumulated to show that aberrant expression of TRs is associated with human cancers [@B8]-[@B10]. In one study, Cristofanilli *et al.* reported that hypothyroid patients have a reduced incidence of primary breast carcinoma and a reduced risk of developing the invasive disease [@B11]. Treatment with the antithyroid drug, propylthiouracil, in combination with tamoxifen increases survival in patients with glioblastoma multiforme [@B12]. Moreover, epidemiological studies have demonstrated that hyperthyroidism associates with an increased risk of ovarian cancer [@B13]. In our previous studies, genes and microRNA regulated by T~3~/TR signaling were shown to be involved in tumor cell invasion and migration in HCC [@B14]-[@B17]. However, these studies did not adequately elucidate the detailed molecular mechanism by which T~3~/TR signaling leads to hepatocarcinogenesis.

In the current study, we used oligonucleotide microarrays to screen for genes regulated by T~3~ in HepG2 cells stably expressing TRα (HepG2-TRα). Among the T~3~-regulated genes identified, nuclear protein-1 (NUPR1) was the most notably upregulated by T~3~ treatment. NUPR1, which shares biochemical homology with high mobility group (HMG)-like proteins [@B18], was first identified in the rat pancreas during acute pancreatitis [@B19], [@B20]. NUPR1 has been implicated in diverse functions, and its expression is crucial for tumor development. Previous studies have reported NUPR1 overexpression in primary human HCC samples, and shown that it influences cell proliferation, migration, invasion and sorafenib resistance through induction of the downstream genes, RELB, IER3, and RUNX2 [@B21]. NUPR1 was also shown to be involved in mitochondrial defect-derived glycolytic activation in liver cancer [@B22]. Here, we report that T~3~/TR induced NUPR1 expression through direct binding to thyroid hormone response element (TRE) in the NUPR1 promoter region. Functional studies revealed that NUPR1 induced endothelial cell angiogenesis *in vitro* and *in vivo*. Using a human angiogenesis array, we identified the gene encoding platelet-derived growth factor A (PDGFA) as a target of NUPR1 in the activation of the downstream angiogenic pathway. We further found that the angiogenic effects of NUPR1/PDGFA are mediated by the MEK/ERK signaling pathway. Also, NUPR1 mediated transcriptional induction of PDGFA through direct binding to the corresponding promoter region. The viability of tumor cell following the addition of sorafenib was significantly increased in TR/NUPR1 expression cell. Clinicopathological analyses revealed that elevated expression of NUPR1 and TRs in clinical HCC specimens were linked to poor survival; moreover, NUPR1 expression was positively correlated with TRα, TRβ, and PDGFA expression. Thus, this study demonstrates a mechanism that implicates the T~3~/TR/NUPR1/PDGFA axis in HCC, providing novel therapeutic targets for tumorigenesis.

Materials and Methods
=====================

Cell cultures
-------------

The human hepatoma cell lines, HepG2, Huh7, Mahlavu and J7 were routinely grown in Dulbecco Modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS). The human umbilical vein endothelial cells (HUVECs) line was growth in endothelial cell basal medium-2 (EBM-2; Lonza, CC-3156) supplemented with EBM-2 SingleQuots (Lonza, CC-4176). Stably transfected HepG2-TRα, HepG2-TRβ, and HepG2-neo cells were cultured in DMEM containing 10% (v/v) FBS with G418 [@B23]. NUPR1-overexpressing (ovNUPR1) and luciferase control Mahlavu cells were cultured in DMEM containing 10% (v/v) FBS with blasticidin. NUPR1-knockdown (shNUPR1) and luciferase control (shLuc) Huh7 cells were cultured in DMEM containing 10% (v/v) FBS with puromycin. T~3~ was purchased from Sigma-Aldrich (T2752). Serum was depleted of T~3~ (0 nM T~3~) using an AG 1-X8 resin (Bio-Rad, 40-1451). Cells were cultured at 37 °C in a humidified atmosphere of 95% air and 5% CO~2~.

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analyses
-------------------------------------------------------------------------------

Total RNA was extracted from cells using TRIzol reagent (Invitrogen). cDNA was synthesized from total RNA using a Superscript II kit (Invitrogen, 18064-014) according to the manufacturer\'s protocols. qRT-PCR was conducted in a 15-μl reaction mixture containing 25 nM forward and reverse primers, 1×SYBR Green reaction mix (Applied Biosystems), and varying quantities of the template. SYBR Green fluorescence was measured with an ABI PRISM 7500 sequence detection system (Applied Biosystems). Primers used to amplify NUPR1 were 5\'-AAG CTG AGG GAG TGG AGA GG-3\' (forward) and 5\'-TAT TGT TGC TGC CAC CCT GG-3\' (reverse).

Immunoblot analysis
-------------------

Total cell lysates, nuclear extracts, and conditioned medium (CM) were isolated and fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 8-12% gels. Separated proteins were transferred to a PVDF (polyvinylidene difluoride) membrane and blocked by incubating in 5% (w/v) nonfat milk. PVDF membranes were incubated with appropriate primary and horseradish peroxidase (HRP)-conjugated secondary antibodies, and immunoreactive proteins were subsequently detected by chemiluminescence using an ECL detection kit (Amersham Inc., RPN2232) and visualized with X-ray film. The intensities of immunoreactive bands were quantified using Image Gauge software (Fuji Film, Tokyo, Japan). The indicated antibodies against the following proteins were used: NUPR1 (made in-house), lamin A/C (Santa Cruz, sc-20681), GAPDH (Millipore, MAB374), β-actin (Chemicon, MAB1501R), PDGFA (Abcam, ab135881), fascin (Santa Cruz, sc-21743), phospho-PDGFRα (Santa Cruz, sc-12911), PDGFRα (R&D Systems, AF-307-NA), phospho-MEK1/2 (Cell Signaling, \#9154), MEK1/2 (Cell Signaling, \#4694), phospho-ERK1/2 (Cell Signaling, \#4370), ERK1/2 (Cell Signaling, \#9211), and TR (Santa Cruz, sc-739).

Luciferase reporter assay
-------------------------

Serial deletion mutants of the NUPR1 promoter (-2944/+96) were prepared by PCR amplification and inserted into a pGL2 plasmid and extracted using plasmid extraction kit (Tools\#DPT-BA17). The effects of T~3~ on the transcriptional activity of the resulting NUPR1 promoter fragments were determined by co-transfecting HepG2-TRα cells with the corresponding NUPR1 promoter-reporter plasmids and LacZ/β-galactosidase expression vector (included to normalize transfection efficiency) and then treating with 0-100 nM T~3~ for 24 h. Cells were lysed and luciferase activity was measured. A mutant form of the NUPR1 promoter construct was created by changing the TRE sequence, aggtcaCCTGaggtca to ggggggCCTGgggggg, using site-direct mutagenesis.

The PDGFA promoter region (-3090/+16) and two additional deletion constructs, -2128/+16 and -1242/+16, were prepared and inserted upstream of a minimal thymidine kinase promoter (pA3-TK). PDGFA 5\'-flanking DNA reporter construct and a pcDNA3-NUPR1 expression plasmid were co-transfected into 293TN cells for 24 h. Mutant forms of PDGFA promoters were created by changing the mutant 1 sequence tatttttaata to tctgtttactg and mutant 2 sequence ccaataca to ccgccgca using site-direct mutagenesis.

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

HepG2-TRα cells were treated with or without 100 nM T~3~ for 48 h. After harvesting cells, DNA and proteins were crosslinked by incubating with 1% formaldehyde for 10 min, and complexes were sonicated to obtain DNA fragments in the 200-500-bp range. DNA fragments were immunoprecipitated with nonspecific mouse immunoglobulin G or specific antibodies against TR. Immunoprecipitated DNA fragments were amplified using specific primers targeting the binding region. FURIN and GAPDH promoter regions were used as positive and negative controls, respectively. For PDGFA promoter ChIP assays, NUPR1-overexpressing Mahlavu cells were harvested and crosslinked. Lysates were sonicated and immunoprecipitated with nonspecific rabbit immunoglobulin G or specific antibodies against NUPR1, and amplified using specific primers targeting the binding region.

HUVECs *in vitro* tube formation assay
--------------------------------------

For tube formation assays, 48-well culture plates were coated with 70% matrigel (BD Matrigel Basement Membrane Matrix) in EBM-2 media. After 24 h, 3 × 10^5^ HUVECs were mix with 30 μg CM and seeded onto matrigel-coated culture plates. After 16 h, HUVECs tube formation was observed under a microscope.

Chick chorioallantoic membrane assay
------------------------------------

Day-0 fertilized chicken eggs were incubated for 7 days at 37 °C. After that, a 3 × 3 cm hole was opened in eggs, and a 1:1 mix of CM and matrigel mixture was implanted in the embryo; the hole was then sealed with tape. After a 4-day incubation, 6 mL of 20% cream, used to visualize vessels, was injected into chick chorioallantoic membrane.

*In vivo* matrigel plug angiogenesis assay and immunohistochemical staining
---------------------------------------------------------------------------

NUPR1-overexpressing, -knockdown, or control cells (2 × 10^6^) in 100 μl PBS were mix with 150 μl matrigel and injected subcutaneously into the flanks of nude mice (BALB/cAnN.Cg-Foxn1nu/CrlNarl) (n \> 3). Mice were sacrificed 2 weeks later, and tumor weight and size were measured, and hemoglobin content was determined using Drabkin\'s reagent (Sigma-Aldrich). Histological sections from xenografts were immunostained for the angiogenesis marker CD31 (Abcam, ab28364). All experimental protocol was approved by Chang-Gung Institutional Animal Care and Use Committee (IACUC Approval No. CGU16-112).

Human angiogenesis array
------------------------

Human angiogenesis array analyses were performed according to the manufacturer\'s protocol (B&D System). Briefly, 250 μl of CM from NUPR1-overexpressing or control Mahlavu cells was diluted and mixed with a cocktail of biotinylated detection antibodies. The resulting sample/antibody complexes were bound on membranes by their conjugate immobilized capture antibody. After washing to remove unbound material, streptavidin-HRP and chemiluminescence detection reagents were added sequentially. The light was produced at each spot in proportion to the amount of analyte bound. Mean pixel densities were quantified using Image J.

Measurement of PDGF-AA by enzyme-linked immunosorbent assay (ELISA)
-------------------------------------------------------------------

The levels of PDGF-AA proteins in NUPR1-overexpressing or -knockdown cells were quantified using commercially available ELISA kits (R&D Systems) according to the manufacturer\'s instructions.

Cell viability assay
--------------------

Cells were seeded at 6-12 × 10^3^ cells/well in 96-well plates with or without 100 nM T~3~ and incubated overnight at 37 °C. Cells were treated with 0-10 μM sorafenib (Santa Cruze, sc-20125A) for 24 h. The medium was replaced by 100 μl of fresh medium containing 0.5 mg/ml MTT (Sigma, M5655) per well. After incubation at 37 °C for 4 h, the medium was removed, then 100 μl of isopropanol was added to each well. Pipette up and down several times to make sure the converted dye dissolved completely. The absorbance of each well was measured at 570 nm/650 nm.

Sorafenib treatment for Xenograft models of tumor progression
-------------------------------------------------------------

To investigate the antitumor effects of sorafenib on thyroid hormone receptor overexpressing tumors, J7-neo and J7-TRα cells (1 x 10^6^) were injected subcutaneously into the flanks of nude mice (BALB/cAnN.Cg-Foxn1nu/CrlNarl) (n \> 6). After the tumors reached the size of approximately 100 mm^3^, mice were orally administered 30 mg/kg sorafenib twice a week for 20 days. Control mice received the only vehicle. Tumor growth was measured twice a week. Animals were sacrificed at the end of experiment. All experimental protocol followed the United States National Institutes of Health guidelines and the Guide for the Care and Use of Laboratory Animals issued by the Chang-Gung Institutional Animal Care and Use Committee.

Human HCC specimens
-------------------

Paired human HCC specimens (n = 158) were obtained from the Taiwan Liver Cancer Network (TLCN). Total RNA was reverse transcript to cDNA, and mRNA expression level was analyzed using qRT-PCR. Expression of NUPR1 and TR protein was determined by western blot analysis. The protocol was approved by the Medical Ethics and Human Clinical Trial Committee at Chang-Gung Memorial Hospital (IRB:103-4866B).

Statistical analysis
--------------------

Data are presented as means ± SD of at least three independent experiments. Statistical analyses were performed using Student t-test and one-way analysis of variance (ANOVA). *P*-values \< 0.05 were considered significant.

Results
=======

NUPR1 is upregulated by T~3~/TR
-------------------------------

To identify genes regulated by T~3~ in hepatoma cells, we performed oligonucleotide microarrays in HepG2-TRα cells [@B24]. Among the T~3~-regulated genes identified, NUPR1 was the most notably upregulated by T~3~ treatment (8-fold with 100 nM T~3~ for 48 h), and the result was verified by qRT-PCR (Figure [1](#F1){ref-type="fig"}A). Incubation of HepG2-TRα cells with 100 nM T~3~ for 48 h increased NUPR1 mRNA levels by 40-53-fold. Similar results were also observed in HepG2-TRβ cells, where treatment with 100 nM T~3~ for 48 h increased NUPR1 expression levels by 35-48-fold. NUPR1 mRNA levels trended higher in T~3~-treated HepG2-neo control cells, but this difference did not reach statistical significance.

The effect of T~3~/TR signaling on NUPR1 protein expression in HepG2 isogenic cell lines was assessed at different time points and different concentrations of T~3~ (Figure [1](#F1){ref-type="fig"}B). T~3~ induced a time- and concentration-dependent increase in NUPR1 protein levels in HepG2-TRα cells. Similar results were obtained in HepG2-TRβ cells. In contrast, exposure of control HepG2-neo cells to 100 nM T~3~ for 72 h did not significantly affect NUPR1 protein expression. The same phenomena were also observed in other hepatoma cell lines. J7-overexpression TRα and TRβ cells have shown increased NUPR1 expression with T~3~ treatment (Figure [1](#F1){ref-type="fig"}C). Notably, activated NUPR1 were also obtained in Huh7 cells, another HCC cell line that expresses detectable endogenous TR proteins (Figure [S1](#SM0){ref-type="supplementary-material"}) [@B25]. These results indicate that the effect of T~3~ on NUPR1 expression in TR-overexpressing cells depends on the level of TR proteins in these cells.

T~3~ induces expression of NUPR1 at the transcriptional level
-------------------------------------------------------------

To determine whether the regulation of NUPR1 expression by T~3~ occurred at the transcriptional level, we conducted promoter activity assays. To this end, the -2344 to +96-bp (-2344/+96) upstream region of the NUPR1 gene (transcription start site, +1), was inserted into the pGL2 plasmid to create the luciferase-based reporter plasmid, NUPR1-pGL2-luc. A bioinformatics search revealed putative TREs in the NUPR1 promoter, including a palindromic (Pal) TRE, a direct repeat 4 (DR4) TRE, and an inverted palindrome (F2) TRE. A series of pGL2-luc reporter constructs were transfected in HepG2-TRα cells, followed by treatment with 0-100 nM T~3~ for 24 h (Figure [1](#F1){ref-type="fig"}D). T~3~ at a concentration of 100 nM stimulated approximately a 3-fold increase in the activity of the full-length -2344/+96 NUPR1 promoter but had no effect on deletion mutant constructs lacking the most distal -2344/-1373 region, suggesting that this region contains a potential positive TRE. To confirm this and further refine the location of the TRE, we transfected HepG2-TRα cells with a luciferase-based reporter construct containing a -2201/-1798 fragment inserted upstream of a minimal thymidine kinase promoter. Subsequent transcription analyses showed that T~3~ increased the reporter activity, demonstrating that a possible TRE in the -2201/-1798 upstream region of NUPR1 is responsible for T~3~-induced transcription of the human NUPR1 gene. Notably, T~3~/TR-stimulated NUPR1 promoter activity was lost following mutation of the TRE sequence in the NUPR1 promoter. Collectively, these findings identify the -2201/-1798 region as the location of the TRE site in the NUPR1 promoter.

To further determine whether TR proteins directly target the TRE region of the NUPR1 promoter, we performed ChIP assays (Figure [1](#F1){ref-type="fig"}E). Immunoprecipitation with specific anti-TR antibodies followed by PCR amplification of precipitated DNA fragments clearly demonstrated that TR was recruited to the TRE binding site at -2066/-1910, whereas immunoprecipitation with control IgG yielded only background signals. The TRE-containing human FURIN gene was used as a positive control, whereas human GAPDH gene was used as the negative control. Collectively, these ChIP assay results reveal that the TR binds to the endogenous NUPR1 promoter in intact cells.

NUPR1 overexpression is linked to poor survival in clinical HCC specimens
-------------------------------------------------------------------------

To gain insight into the clinicopathological significance of NUPR1, NUPR1 expression in HCC was investigated. Expression of NUPR1 in 158 paired samples of human HCC tumor and their adjacent normal tissue were determined using qRT-PCR. NUPR1 was significantly overexpressed in HCC specimens compared with adjacent normal tissue (Figure [2](#F2){ref-type="fig"}A, left panel). An analysis of clinicopathological parameters showed that expression of NUPR1 was associated with vascular invasion and pathology stage (Figure [2](#F2){ref-type="fig"}A, right panel). Moreover, elevated TRα and TRβ levels were expressed in human HCC tumor specimens and were all correlated with vascular invasion (Figure [S2](#SM0){ref-type="supplementary-material"}A-B). Immunohistochemical study for angiogenesis marker CD31 and NUPR1 expression in clinical specimens showed that NUPR1 was highly expressed in tumors with vascular invasion (Figure [S2](#SM0){ref-type="supplementary-material"}C).

Tumor samples were then dichotomized into NUPR1 low- and high-expression groups, using the median T/N ratio of HCC specimens as a cutoff. Patients in the high NUPR1 expression group displayed worse recurrence-free survival (p = 0.009), but the overall survival was not significantly different. We then separated NUPR1 and TR expression levels into three groups: group I, low expression of NUPR1 and TRs; group II, high expression of NUPR1 and low expression of TRs, or low expression of NUPR1 and high expression of TRs; and group III, high expression of NUPR1 and TRs. Patients with high expression of NUPR1 and TRs showed significantly poorer recurrence-free survival (Figure [2](#F2){ref-type="fig"}B) and overall survival (Figure [2](#F2){ref-type="fig"}C) than those with low expression of NUPR1 and TRs. However, NUPR1, TRα, and TRβ were not an independent prognostic factor associated with survival (Table [S1](#SM0){ref-type="supplementary-material"}).

NUPR1 promotes angiogenesis *in vitro*
--------------------------------------

Clinical data showed an association of high expression of NUPR1 with vascular invasion. Previous reports have indicated that thyroid hormone sustains angiogenesis [@B26]-[@B28]. Accordingly, we analyzed the effect of conditioned medium (CM) derived from NUPR1-knockdown or control HepG2-TRα cells, incubated in the presence of 100 nM T~3~ or T~3~-depleted serum (0 nM T~3~), on tube formation by HUVECs. As shown in Figure [3](#F3){ref-type="fig"}A, CM from T~3~-stimulated HepG2-TRα cells promoted a prominent and significant increase in tube formation compared with T~3~-depleted cells.

Notably, HUVECs tube formation was significantly decreased in T~3~-treated NUPR1-knockdown HepG2-TRα cells compared that induced by control cells. Similar results were observed in HepG2-TRβ cells (Figure [3](#F3){ref-type="fig"}B), J7-TRα cells and J7-TRβ cells (Figure [S3](#SM0){ref-type="supplementary-material"}A). To determine the angiogenesis function of NUPR1 in HCC cell lines, we stably expressed NUPR1 in the Mahlavu HCC cell line, which expresses relatively low endogenous levels of NUPR1 (Figure [S3](#SM0){ref-type="supplementary-material"}B). We then treated HUVECs with CM from NUPR1-overexpressing or control Mahlavu cells. These experiments showed that NUPR1-overexpressing cells significantly induced HUVECs tube formation compared with that induced by control cells (Figure [3](#F3){ref-type="fig"}C). Conversely, NUPR1-knockdown Mahlavu-NUPR1 cells inhibited HUVECs tube formation compared with control Mahlavu-NUPR1 cells (Figure [3](#F3){ref-type="fig"}D). To determine the consequences of NUPR1 depletion in hepatoma cells, we established NUPR1-knockdown and control Huh7 cells, and assessed the effect of CM from these cells on angiogenesis. In contrast to the angiogenic effect of NUPR1-overexpressing cells, NUPR1-knockdown Huh7 cells significantly decreased HUVECs tube formation (Figure [3](#F3){ref-type="fig"}E). These results indicate that T~3~/TR-upregulated NUPR1 promotes angiogenesis *in vitro.*

Expressed NUPR1 in hepatoma cells promotes angiogenesis*in vivo*
----------------------------------------------------------------

We next assessed whether NUPR1 promotes angiogenesis *in vivo*, we performed chick chorioallantoic membrane (CAM) assays. Vessel growth on chick chorioallantoic membranes of eggs treated with NUPR1-overexpressing CM was higher than control cells (Figure [4](#F4){ref-type="fig"}A). Conversely, CM derived from NUPR1-knockdown Huh7 cells significantly suppressed vessels formation on membranes of eggs (Figure [4](#F4){ref-type="fig"}B). To further validate the role of NUPR1 *in vivo*, matrigel plug angiogenesis assay was performed. Weights and volumes of tumors formed from NUPR1-overexpressing cells were not significantly different from those of tumors formed from control cells. However, the hemoglobin content in xenograft tumors from NUPR1-overexpressing cells was 8-11-fold higher than that in control xenograft tumors (Figure [4](#F4){ref-type="fig"}C). Histological analysis of sections from NUPR1 overexpressing xenograft tumors immunostained for the angiogenesis marker CD31 revealed that CD31-positive microvessel density areas were higher in NUPR1-overexpressing xenograft tumors than control tumors (Figure [4](#F4){ref-type="fig"}D). We further examine the effect of NUPR1-knockdown on matrigel plug angiogenesis assay. As expected, Huh7-shNUPR1-derived tumors displayed a significant decrease in blood vessels and hemoglobin content compared with control groups (Figure [4](#F4){ref-type="fig"}E-F). These data demonstrate that NUPR1 play an essential role in angiogenesis in hepatocellular carcinoma.

NUPR1-dependent angiogenesis is mediated by induction of PDGFA expression and secretion
---------------------------------------------------------------------------------------

To investigate the mechanism underlying NUPR1-induced angiogenesis, we profiled the expression of 55 angiogenesis related proteins in CM from NUPR1-overexpressing or control Mahlavu cells. These screens showed that expression levels of the angiogenesis-related proteins, PDGF-AA (platelet-derived growth factor AA), TGF-β1 (tumor-derived growth factor-β1), CCL3 (C-C motif chemokine ligand 3) and VEGF-C (vascular endothelial growth factor-C) were higher in NUPR1-overexpressing cells compared with control cells (Figure [5](#F5){ref-type="fig"}A). Of these, the gene encoding PDGFA, which is known to be critical for HCC progression [@B29], [@B30], was most notably upregulated with NUPR1 overexpression. Thus, we selected PDGF-AA for further study. To validate the PDGF-AA expression level in NUPR1-overexpressing and knockdown cells, we performed ELISA and western blotting. ELISAs showed that secreted PDGFA levels were increased in CM from NUPR1-overexpressing cells and decreased in CM from NUPR1-knockdown cells compared with that from control cells (Figure [5](#F5){ref-type="fig"}B). A similar phenomenon was observed in western blot data (Figure [5](#F5){ref-type="fig"}C), confirming that NUPR1 enhances PDGFA expression/secretion.

To validate the involvement of PDGFA in promoting angiogenesis, we knocked down PDGFA expression in NUPR1-overexpressing Mahlavu cells and assessed HUVECs tube formation following treatment with Mahlavu cell-derived CM. HUVECs tube formation induced by CM from PDGFA-knockdown NUPR1-overexpressing cells was reduced compared with control cells (Figure [5](#F5){ref-type="fig"}D). Furthermore, pretreatment of HUVECs with a neutralizing antibody against human PDGFRα significantly decreased tube formation by CM from NUPR1-overexpressing cells (Figure [5](#F5){ref-type="fig"}E). Conversely, we found that treatment of HUVECs with recombinant human PDGFA protein in the presence of NUPR1-knockdown CM significantly increased tube formation (Figure [5](#F5){ref-type="fig"}F). Collectively, these results demonstrate that the pro-angiogenic activity of NUPR1 is mediated by PDGFA.

NUPR1 promotes angiogenesis through a PDGFA/MEK/ERK signaling cascade
---------------------------------------------------------------------

To investigate the signaling pathway downstream of NUPR1/PDGFA that is involved in inducing angiogenesis, we treated HUVECs with CM from NUPR1-overexpressing Mahlavu cells or NUPR1-knockdown Huh7 cells, or their respective controls, and performed western blotting. These analyses showed that expression levels of the phosphorylated forms of PDGFRα, MEK1/2, and ERK1/2 proteins were increased in HUVECs cultured with CM from NUPR1-overexpressing cells compared with control cells (Figure [6](#F6){ref-type="fig"}A). Conversely, the phosphorylated forms of these proteins in HUVECs were decreased after treatment with CM from NUPR1-knockdown cells (Figure [6](#F6){ref-type="fig"}B). To further clarify the signaling pathway involved in angiogenesis *in vitro*, we treated HUVECs with CM from NUPR1-overexpressing or control cells containing the ERK inhibitor U0126 or dimethylsulfoxide (DMSO). As shown in Figure [6](#F6){ref-type="fig"}C, treatment with ERK inhibitor-containing CM significantly disrupted NUPR1-mediated tube formation. Furthermore, the blood vessels in chick embryo chorioallantoic membranes were decreased in the presence of the ERK inhibitor (Figure [6](#F6){ref-type="fig"}D). These results suggest that NUPR1 acts through induction of PDGFA expression to promote endothelial tube formation, an effect that requires activation of the MEK/ERK signaling pathway.

NUPR1 drives transcriptional activation of PDGFA through direct binding to the promoter region
----------------------------------------------------------------------------------------------

To further explore the mechanisms by which NUPR1 regulates PDGFA transcription, we conducted promoter activity assays. Although the consensus sequence of the NUPR1 binding site has not been demonstrated, NUPR1 has been reported to share biochemical homology with HMG-like proteins [@B18], which bind to an A/T-rich sequence. To confirm this, we created a luciferase-based reporter plasmid by inserting an upstream promoter region (-3090/+16) of the PDGFA gene into a minimal thymidine kinase promoter. In addition to the full-length promoter region, two deletion constructs, -2128/+16 and -1242/+16, were prepared. Predicated potential NUPR1 binding sites are indicated by squares. The -3090/+16 region of PDGFA promoter increased luciferase transcriptional activity by approximately 2-fold, whereas other PDGFA deletion reporter constructs had no effect (Figure [6](#F6){ref-type="fig"}E, left panel). These data indicate that the potential NUPR1 binding site in the PDGFA promoter is located within the -3090/-2128 region. To confirm this and further refine the NUPR1 binding site, we generated PDGFA promoter -3090/+16 with first binding site mutant (mutant 1) or two binding sites mutant (mutant 2) and the results showed that promoter activity was significantly decreased in PDGFA promoter mutant 2 compared with wild type promoter, demonstrating that a possible NUPR1 binding site in the -2231/-2027 upstream region of PDGFA (Figure [6](#F6){ref-type="fig"}E, right panel). To further determine whether NUPR1 proteins directly target the PDGFA promoter, we performed ChIP assays (Figure [6](#F6){ref-type="fig"}F). The results clearly demonstrated that NUPR1 was recruited to the PDGFA promoter at -2231/-2027 region, whereas control IgG yielded only background signals. Collectively, these ChIP assay results reveal that the NUPR1 binds to the endogenous PDGFA promoter in intact cells.

TR-NUPR1 increase hepatoma cells chemoresistance
------------------------------------------------

Chemotherapy resistance is a major cause of treatment failure in a malignant tumor. Up to now, sorafenib is the only approved drug for treatment of advanced HCC to inhibit angiogenesis and growth of tumor cell. However, it is increasingly reported that drug resistance often develops and the mechanism remains unclear [@B31], [@B32]. Our previous studies indicated that T~3~/TR signaling promoted chemoresistance in hepatoma cells [@B14], [@B33]. Elevated thyroid hormone was associated with poor outcomes in advanced HCC patients receiving sorafenib treatment [@B34]. NUPR1 has also been reported that it participated in sorafenib resistance [@B21]. To investigate whether TR-NUPR1 is involved in sorafenib resistance, TR overexpression HepG2 and J7 cells were treated with sorafenib and cell viability was evaluated. Cell viability following the addition of sorafenib was significantly increased in T~3~-treated HepG2-TRα and HepG2-TRβ cells. In contrast, exposure of control HepG2-neo cells to T~3~ did not significantly affect cell viability (Figure [7](#F7){ref-type="fig"}A). Similar results were obtained in J7-TRα and J7-TRβ cells (Figure [7](#F7){ref-type="fig"}B). Moreover, rescue experiments have been performed by depletion of NUPR1 expression after T~3~ treatment. Knockdown of NUPR1 suppressed cell viability in T~3~-treated TR overexpressing HepG2 and J7 cell lines following the addition of sorafenib (Figure [7](#F7){ref-type="fig"}C-D). These results suggest that TR increases hepatoma cells chemoresistance through upregulating NUPR1.

To explore the effect of sorafenib resistance mediated by T~3~/TR-induced NUPR1 expression *in vivo*, J7-neo and J7-TRα cells were injected subcutaneously into the flanks of nude mice. After the tumors reached the size of approximately 100 mm^3^, mice were administered sorafenib by oral gavage. Concordant with *in vitro* results, TR overexpression conferred sorafenib resistance. In contrast, exposure of control J7-neo xenografts to sorafenib significantly affect tumor growth and tumor weight (Figure [7](#F7){ref-type="fig"}E). In addition, western blot analyses showed that NUPR1, PDGFA, p-PDGFRα and p-MEK1/2 expression levels were higher in J7-TRα xenografts compared with J7-neo xenografts (Figure [7](#F7){ref-type="fig"}F). Moreover, these genes were suppressed in sorafenib-treated groups compared with vehicle-treated groups in J7-neo xenografts, but its expression was not affected or only slightly decreased in sorafenib-treated groups in J7-TRα xenografts. Collectively, these findings confirm that T~3~/TR mediated sorafenib resistance via NUPR1 and its downstream targets.

NUPR1 is positively correlated with TRα, TRβ, and PDGFA expression in clinical HCC specimens
--------------------------------------------------------------------------------------------

The clinicopathological significance of PDGFA expression in HCC was also investigated. PDGFA was significantly overexpressed in 158 paired HCC specimens compared with adjacent normal tissue (Figure [8](#F8){ref-type="fig"}A, left panel). An analysis of clinicopathological parameters showed that expression of PDGFA was associated with vascular invasion (Figure [8](#F8){ref-type="fig"}A, right panel). A linear regression analysis further revealed a significant positive correlation between NUPR1 and TRα, TRβ, PDGFA levels, based on the T/N ratio (Figure [8](#F8){ref-type="fig"}B). Furthermore, an analysis of the public Oncomine database containing 124 human hepatoma samples (Mas liver) revealed that NUPR1 expression levels were higher in HCC samples than in cirrhosis samples (Figure [8](#F8){ref-type="fig"}C, left panel). A Spearman analysis showed that TRα and TRβ expression were positively correlated with NUPR1 expression (Figure [8](#F8){ref-type="fig"}C, right panel). In addition, western blot analyses showed that angiogenic-related genes- PDGFA, p-MEK1/2, NUPR1 and TRα expression levels were increased in HCC tissues in 7 representatives paired specimens (Figure [8](#F8){ref-type="fig"}D). Clinical investigations reveal associations among TR, NUPR1, and PDGFA, supporting an important role of NUPR1 in HCC progression.

Discussion
==========

Liver cancer is one of the leading causes of cancer deaths worldwide [@B1]-[@B3], at least in part because of the high angiogenic and metastatic potential of liver tumor cells. High levels of angiogenesis-related factors are significantly associated with rapid recurrence and poor survival [@B35], but the underlying mechanisms are not fully understood. Hence, identification of novel therapeutic targets is crucial for the prognosis of HCC. Here, our findings support an oncogenic role of NUPR1 in HCC, suggesting that the PDGFA/MEK/ERK signaling pathway is involved in TR/NUPR1-induced angiogenesis and sorafenib chemoresistance in HCC (Figure [8](#F8){ref-type="fig"}E).

Accumulating evidence has implicated aberrant expression of TRs in human cancers [@B5], [@B8], [@B9], [@B36]. Cristofanilli *et al.* reported that hypothyroid patients have a reduced incidence of primary breast carcinoma in association with a lower risk of developing the invasive disease [@B11]. Moreover, treatment with the antithyroid drug, propylthiouracil, in combination with tamoxifen increased survival in patients with glioblastoma [@B12]. Consistent with this, epidemiological studies have demonstrated that hyperthyroidism is associated with an increased risk of ovarian cancer [@B13]. Interestingly, treatment of hypothyroidism with levothyroxine (T4) was shown to be associated with a significantly reduced risk of colorectal cancer [@B37], and a previous case-control study revealed that hypothyroidism was associated with a significantly elevated risk of HCC in women [@B38]. Our previous studies also indicated that numerous oncogenes and suppressor genes regulated by T~3~/TR could promote or suppress HCC progression [@B14]-[@B17], [@B25], [@B39], [@B40]. Collectively, these observations demonstrated that T~3~/TR signaling could play dual roles in carcinogenesis, possibly reflecting the various TR isoforms, functions of T~3~/TR in different tissues, and different stages of tumor development. Thus, how T~3~/TR switches between an oncogenic role and tumor suppressor role will require further investigation.

Several reports have demonstrated that NUPR1 is involved in the progression of various cancers. Elevated NUPR1 level has been found in pancreatic cancer patients [@B20], and NUPR1 expression has been shown to promote pancreatic cancer cell metastasis and invasion. Jung *et al.* reported that expression of NUPR1 in early-stage breast cancers is associated with poorer prognosis [@B41]. Moreover, knockdown of NUPR1 was shown to inhibit tumor growth and deregulate autophagic flux and impairs autolysosomal clearance in human non-small-cell lung cancer [@B42], [@B43], and inhibit anti-apoptotic and tumor cell promoter activity in colorectal cancer [@B44]. In the current study, we provide the first demonstration that T~3~/TR-induced increases in NUPR1 upregulate expression of PDGFA, which promotes angiogenic effects in HCC through activation of the MEK/ERK signaling pathway. A clinicopathological analysis revealed that patients with high expression of NUPR1 and TRs displayed significantly poorer overall survival than those with low expression of NUPR1 and TRs. Consistent with our data, Emma *et al*. found that NUPR1 expression was significantly higher in primary human HCC tissues, and further showed that NUPR1 increased cell growth, migration, and invasion [@B21]. Lee *et al.* also identified NUPR1 as a key modulator of a mitochondrial respiratory defect during liver cancer progression [@B22]. In addition, Bak *et al.* reported that NUPR1 is activated by hepatitis B virus X protein, the primary risk factor in HCC, through a Smad4 pathway, and modulates cell growth and survival in liver cancer [@B45]. These reports support the conclusion that NUPR1 plays an important role in hepatocarcinogenesis.

Angiogenesis, a hallmark of cancer, is induced early during the multistage development of invasive cancers [@B46]. Here, we provide the first evidence that NUPR1 acts through transactivation of PDGFA to promote endothelial tube formation in HCC. PDGFA is a member of the PDGF family, which consists of five isoforms that regulate angiogenesis and participate in cancer progression [@B47]. Each isoform binds to a dimeric form of one of two different receptors---PDGFRα or PDGFRβ---to activate downstream signal pathways, with PDGFA binding to PDGFRα [@B48]. Several studies have reported that PDGFA is involved in tumor development. PDGFA expression is elevated in oral cancer, pancreatic cancer, and mantle cell lymphoma, and its expression was shown to promote tumor cell migration, invasion, and angiogenesis [@B49]-[@B51]. In addition, it has been reported that higher expression of PDGFA is associated with hepatic fibrogenesis in chronic hepatitis C [@B30]. PDGFA also contributes to HCC progression by enhancing NRF2 expression [@B29]. In the current study, we found that the angiogenic effects of NUPR1 were disrupted by a PDGFRα neutralizing antibody and an ERK inhibitor, demonstrating that these actions of NUPR1 are mediated by activation of PDGFA/MEK/ERK signaling pathway.

Sorafenib, a multikinase inhibitor with activity against Raf kinase, VEGF receptors, PDGFRs and other tyrosine kinases, has been approved for the treatment of advanced HCC [@B52]. Sorafenib improves survival in HCC patients, reduces tumor cell proliferation and angiogenesis, and increases apoptosis [@B31]. However, the benefits of sorafenib are modest [@B32], and its mechanism of action is incompletely understood. Recently, Emma *et al*. reported that NUPR1 is involved in sorafenib resistance in HCC, showing that NUPR1 knockdown decreased cell growth and increased tumor cell sensitivity to sorafenib treatment [@B21]. Several studies have also demonstrated that sorafenib impairs tumor cell proliferation and viability through the MEK/ERK pathway. Our previous studies revealed that T~3~/TR upregulated TRAIL and Bcl-xL, suppressed FoxO1 and Bim to promote hepatoma cells metastasis and chemotherapies resistance [@B14], [@B33]. Higher value of thyroid-stimulating hormone (TSH) and free T4 (FT4) were associated with unfavorable tumor progression and overall survival in advanced HCC patients received sorafenib treatment. An index of thyroid function can significantly predicted opposite clinical outcomes in advanced HCC patients receiving sorafenib or chemotherapy treatment [@B34]. Consistent to our results, we confirmed the sorafenib resistance effect of T~3~/TR and this ability was mediated through NUPR1 by directly regulating the levels of PDGFA expression and secretion. PDGFA expression may account for the increased angiogenesis of tumor cells that inhibited by sorafenib. Our findings thus suggest potential molecular mechanisms for sorafenib chemoresistance in HCC tumorigenesis.

In conclusion, we have identified NUPR1-mediated regulation of angiogenesis via the PDGFA/MEK/ERK cascade as a novel pathway of thyroid hormone receptor-dependent HCC progresssion. Modulation of this angiogenesis pathway may provide potential therapeutic targets for HCC.
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![**T~3~/TR signaling induces an increase in NUPR1 mRNA and protein expression. (A)** HepG2-TRα, HepG2-TRβ, and HepG2-neo cells were treated with T~3~ (0-100 nM) for 6-48 h, and NUPR1 expression levels were measured using qRT-PCR. Expression of NUPR1 mRNA was normalized to that of 18s rRNA. **(B-C)** NUPR1 protein expression levels were determined in TR overexpression and control HepG2 and J7 cell lines treated for different times with different concentrations of T~3~. Lamin A/C was used as an internal control. **(D)** Schematic representation of the NUPR1 promoter, indicating potential TREs (squares). HepG2-TRα cells were transfected with serially deleted NUPR1 5\'-flanking DNA pGL2-luc reporter constructs, and treated with 0-100 nM T~3~. After 24 h, cells were lysed and promoter activity was determined. **(E)** HepG2-TRα cell lysates were immunoprecipitated with nonspecific mouse IgG or antibodies against TR. FURIN and GAPDH promoter regions were used as positive and negative controls, respectively. Differences were analyzed using a one-way ANOVA (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).](thnov09p2361g001){#F1}

![**High NUPR1 expression is linked to poor prognosis. (A)** Expression of NUPR1 in 158 paired human HCC (T) and adjacent normal (N) tissues were determined by qRT-PCR; expression of NUPR1 mRNA was normalized to that of 18s rRNA (left panel). NUPR1 expression levels were presented as 39-Ct values. Statistical significance was calculated using paired Student\'s t test. NUPR1 mRNA expression level were presented as the T/N ratio (right two panels). NUPR1 expression levels were highly correlated with vascular invasion (0/1 grade, n = 93; 2/4 grade, n = 65) and pathology stage (stage I, n = 76; stage II, n = 52; stage III/IV, n = 30). Differences were analyzed using one-way ANOVA (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001). **(B-C)** Recurrence-free survival and overall survival were analyzed using the Kaplan-Meier method. Median expression levels of NUPR1 and TRs were used as a cutoff. NUPR1 and TR expression levels were separated to three groups: group I, low levels of NUPR1 and TRs (TRα, n = 44; TRβ n = 43); group II, high levels of NUPR1 and low levels of TRs, or low levels of NUPR1 and high levels of TRs (TRα, n = 71; TRβ, n = 72); group III, high levels of NUPR1 and TRs (TRα, n = 43; TRβ, n = 43).](thnov09p2361g002){#F2}

![**NUPR1 promotes cells angiogenesis *in vitro*. (A, B)** CM was harvested from HepG2-TRα and HepG2-TRβ cells, transfected with or without luciferase or shNUPR1 plasmids, and treated with 0 nM or 100 nM T~3~ for 24 h. HUVECs were seeded onto matrigel-coated dishes and incubated with CM for 16 h. Representative images are shown. **(C)** HUVECs were mixed with CM from NUPR1-overexpressing or control Mahlavu cells for 16 h. Representative images are shown. **(D)** HUVECs were treated with CM from NUPR1-knockdown or control Mahlavu-NUPR1 cells for 16 h. The number of branching points were quantified. **(E)** HUVECs were seeded on matrigel and treated with CM from NUPR1-knockdown or control Huh7 cells for 16 h. Representative images are shown. Bar plot represents means ± SD (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).](thnov09p2361g003){#F3}

![**NUPR1 promotes angiogenesis*in vivo*. (A, B)** A 1:1 mixture of matrigel and CM from NUPR1-overexpressing Mahlavu cells, or NUPR1-knockdown Huh7 cells, or their respective controls, were implanted into the embryo. After a 4-day incubation, vessels on the chick chorioallantoic membrane were counted. **(C, E)** NUPR1-overexpressing Mahlavu cells, or NUPR1-knockdown Huh7 cells, or their respective controls, were mixed with matrigel and injected subcutaneously into the flanks of nude mice (n \> 3/group). Two weeks later, mice were sacrificed and tumor weight, tumor size, and hemoglobin content were measured. **(D, F)** Histological sections from C, E xenografts were immunostained for the angiogenesis marker CD31. CD31-positive blood vessels are indicated by arrows. Bar plot represents means ± SD (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).](thnov09p2361g004){#F4}

![**NUPR1 acts through induction of PDGFA expression to promote angiogenesis. (A)** Human-specific angiogenesis antibody array membranes were incubated with CM from NUPR1-overexpressing or control Mahlavu cells. Quantification of mean pixel densities were shown. **(B, C)** Relative levels of PDGF-AA secreted by NUPR1-overexpressing Mahlavu cells, or NUPR1-knockdown Huh7 cells, or their respective controls, were analyzed by ELISA and western blotting. Results were shown as the fold-change in PDGF-AA secretion compared with control cell lines. Fascin was used as a loading control. **(D)** HUVECs were seeded on matrigel and treated with CM from NUPR1-overexpressing or control Mahlavu cells transfected with control shLuc or shPDGFA plasmid for 16 h. **(E)** HUVECs were pretreated with 10 μg/ml nonspecific rabbit IgG or PDGFRα neutralizing antibodies for 1 h, then seeded onto matrigel together with CM from NUPR1-overexpressing or control Mahlavu cells for 16 h. **(F)** HUVECs were seeded onto matrigel and treated with CM from NUPR1-knockdown or control Huh7 cells. The third panel shows HUVECs treated with CM from NUPR1-knockdown Huh7 cells together with 20 ng/ml PDGFA ligand. Bar plot represents means ± SD (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001; one-way ANOVA).](thnov09p2361g005){#F5}

![**NUPR1 promotes angiogenesis through a PDGFA/MEK/ERK signaling cascade. (A, B)** The expression levels of total and phosphorylated forms of PDGFRα, MEK1/2, and ERK1/2 proteins in HUVECs cultured with CM from NUPR1-overexpressing, -knockdown, or control Mahlavu and Huh7 cells for 48 h were analyzed by western blotting. GAPDH was used as a loading control. **(C)** HUVECs were pretreated with DMSO (vehicle control) or the ERK inhibitor U0126 (10 μM) for 1 h, then seeded on matrigel together with CM from NUPR1-overexpressing and control Mahlavu cells for 16 h. **(D)** Chick embryo were treated with DMSO or U0126 for 1 h, after which a mixture of matrigel and CM from NUPR1-overexpressing or control Mahlavu cells was implanted on the chick embryo. After a 4-day incubation, the number of vessel branching points were quantified by image analysis. **(E)** Serially deleted pA3TK-PDGFA promoter-report constructs and pcDNA3-NUPR1 expression plasmid were co-transfected in 293TN cells, after 24 h, cells were lysed and promoter activity was determined (left panel). Wild type and mutant forms of PDGFA promoter constructs were co-transfected with pcDNA3-NUPR1 plasmid in 293TN cells, after 24 h, cells were lysed and promoter activity was determined (right panel).**(F)** NUPR1-overexpression Mahlavu cell lysates were immunoprecipitated with nonspecific rabbit IgG or antibodies against NUPR1. GAPDH promoter region was used as negative control, respectively. Bar plot represents means ± SD (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001; one-way ANOVA).](thnov09p2361g006){#F6}

![**TR-NUPR1 induces sorafenib resistance in hepatoma cells *in vitro* and *in vivo*. (A-B)** Cells were seeded at 6-12 × 10^3^ cells/well in 96-well plates with or without 100 nM T~3~ and incubated overnight at 37 °C. After that, cells were treated with 0-10 μM sorafenib for 24 h. The MTT assay absorbance of each well was measured at 570 nm/650 nm. **(C-D)** NUPR1 was knockdown in TR overexpression HepG2 and J7 cell lines and cells were treated with T~3~ and sorafenib. The MTT assay absorbance of each well was measured at 570 nm/650 nm. (**E**) 1 x 10^6^ of J7-neo and J7-TRα cells were injected subcutaneously into the flanks of nude mice (n \> 6). After the tumors reached the size of approximately 100 mm^3^, mice were administered 30 mg/kg sorafenib by oral gavage twice a week for 20 days. Control mice received only the vehicle (DMSO). Tumor growth was measured twice a week. Mice were sacrificed and the tumors were removed, weighed, and processed for western blot analysis. **(F)** TRα, NUPR1, PDGFA, PDGFRα and MEK1/2 expression level were determined by western blot from J7-neo or J7-TRα xenografts. GAPDH was used as a loading control. Data represents means ± SD (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).](thnov09p2361g007){#F7}

![**NUPR1 expression is positively correlated with TR and PDGFA expression in hepatoma specimens. (A)** Expression of PDGFA in 158 paired human HCC (T) and adjacent normal (N) tissues were determined by qRT-PCR; expression of PDGFA mRNA was normalized to that of 18s rRNA (left panel). PDGFA expression levels were highly correlated with vascular invasion. Differences were analyzed using one-way ANOVA (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001). **(B)** Spearman correlations of TRα, TRβ, and PDGFA with NUPR1 in 158 paired human specimens were analyzed and shown. **(C)** NUPR1 expression levels were analyzed in the public Oncomine database. *Left panel:* The Mas liver database showed that NUPR1 expression levels in HCC tissues were higher than those in cirrhotic tissue (normal, n = 19; cirrhosis, n = 58; HCC, n = 47). Spearman analyses showed that TRα and TRβ expression were positively correlated with NUPR1 expression. Expression levels of these genes are presented as microarray intensities.**(D)** Expression of angiogenic related proteins, PDGFA, p-MEK1/2, NUPR1 and TRα protein expression levels in paired HCC tissues were determined by western blotting. GAPDH was used as a loading control. **(E)** Schematic model of the regulation of angiogenesis in hepatoma cell carcinoma progression by the T~3~/TR/NUPR1/PDGFA/MEK/ERK pathway.](thnov09p2361g008){#F8}
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